Prostaglandin E 2 (PGE 2 ), one of the major metabolites of cyclooxygenase-2, has been implicated in tumorigenesis and tumor progression in several human cancers, including colorectal and lung. Here, we show that one of the PGE 2 receptors, the EP4 receptor, plays an important role in metastasis in both of these tumor types. Using i.v. injected Lewis lung carcinoma (3LL), we found that tumor metastasis to lung was significantly reduced when mice were treated with a specific EP4 antagonist ONO-AE3-208 or when EP4 receptor expression was knocked down in the tumor cells using RNA interference technology. Host EP4 receptors also contributed to tumor metastasis and tumor growth with decreased metastasis and tumor growth observed in EP4 receptor knockout animals. In vitro tumor cell adhesion, motility, invasion, colony formation, and Akt phosphorylation were all significantly inhibited when 3LL cells were treated with the EP4 receptor-specific antagonist. When the cells were treated with an EP4-specific agonist (AE1-734), we observed a worsening of these same features in vitro. Treatment with ONO-AE3-208 also profoundly decreased liver metastases after intrasplenic injection of MC26 colon cancer cells. Our data show that selective antagonism of EP4 receptor signaling results in a profound reduction in lung and colon cancer metastasis. Selective antagonism of the EP4 receptor may thus represent a novel therapeutic approach for the treatment of cancer and especially its propensity to metastasize.
Introduction
Several lines of evidence show the functional importance of overproduction of cyclooxygenase (COX)-2 and one of its major metabolite, prostaglandin E 2 (PGE 2 ), in many human cancers, including colorectal tumors and lung cancer (1) (2) (3) . Preclinical data indicate that overproduction of COX-2 and PGE 2 is associated with increased tumor angiogenesis (4, 5) , metastasis (6) (7) (8) , apoptosis (9, 10) , cell cycle regulation (11) , and immune suppression (12, 13) . Therefore, COX-2 inhibitors, the nonsteroidal anti-inflammatory drugs, have been tested in the treatment and prevention of cancers of the colon (14) , lung (15, 16) , breast (17) , and prostate (18) . However, these have met with limited success and, sometimes, severe side effects (19) (20) (21) .
One of the reasons for this lack of apparent efficacy of the COX inhibitors may be that the COX-2 enzyme produces multiple products with pleiotropic effects in addition to PGE 2 , in addition to the fact that there are four PGE 2 receptors with distinct functions. For example, pulmonary overexpression of another COX product, prostacyclin, has been shown to significantly reduce lung tumor incidence in mice (22, 23) . In addition, each of the four receptors for PGE 2 signaling has discrete biological effects. For example, although both the EP2 and EP4 receptors couple through G protein a (s) to elevate cyclic AMP production, the EP4 receptor, but not EP2, is known to induce T-cell factor-mediated transcriptional activity through phosphatidylinositol 3-kinase (PI3K) as well as protein kinase A (24, 25) . The EP4 receptor can also activate the extracellular signal-regulated kinases 1 and 2 by way of PI3K, leading to the induction of early growth response factor-1, a transcription factor traditionally associated with wound healing (24, 25) . These pathways are important for cancer cell survival and the progression of the tumors. EP4 receptor signaling was also found to be central in COX-2-dependent, CD44-mediated, and matrix metalloproteinase (MMP)-2-mediated invasion in nonsmall cell lung cancer invasion (26) , osteolytic bone metastasis of breast cancer in vivo (27) , and breast cancer cell invasion in vitro (28, 29) . Furthermore, an enhanced expression of EP4 protein and an enhanced signaling were found in several cancers (30) (31) (32) , including the cancerous epithelia of gallbladder carcinoma with different depths of invasion (33) and in ovarian carcinoma cell invasion (32) . In human glioblastoma samples, EP4 receptor expression was correlated with increasing necrosis grade, an indication for reduced survival of the patients (31) .
These reports and others suggest that targeting the EP4 receptor signaling could lead to reduced tumor growth and metastasis (29, 30, (34) (35) (36) more effectively than COX-2 inhibitors. In this report, we find support for this hypothesis by showing that selective pharmacologic inhibition of EP4 signaling has profound effects on tumor metastasis in vitro and in vivo as well as colorectal tumor growth. Our data show that manipulation of PG metabolism downstream from COX-2 produces profound anticancer effects and provide the basis for novel approaches for cancer drug development and improved understanding of the pathogenesis of cancer.
Six-to eight-week-old female mice BALB/c and C57BL/6 were purchased from Harlan, Inc. (Indianapolis, IN) . F2 progeny of female survivor EP4 À/À mice was used in the study with EP4 +/+ mice as controls due to the fact that most EP4 À/À mice die as a result of patent ductus arteriosus (39, 40) . Animals were housed in pathogen-free units at Vanderbilt University School of Medicine (Nashville, TN) in compliance with Institutional Animal Care and Use Committee regulations or in Kyoto University (Kyoto, Japan) in compliance with the Committee on Animal Research of Kyoto University. Construct of EP4 RNA interference. EP4 RNA interference (RNAi) sequence was determined by using the design software of Oligoengine Station (Seattle, WA) and blasted against National Center for Biotechnology Information Web site to make sure it was EP4 specific. The EP4 RNAi sequence is GGAGCAGAAAGAGACGACCtctcttgaaCCTCGTCTTTGTGTGCTGG. It was then cloned into pSUPER retroviral vector with Hi-RNA promoter.
EP4 RNAi transfection of 3LL cells. The EP4 RNAi and control vector constructs were transfected into 3LL cells, and the positive transfectants were selected by puromycin, which then were further subcloned, and each clone was identified for the deletion of the EP4 receptor expression.
Isograft models of tumor biology. Single-cell suspensions containing 5 Â 10 5 of 3LL or MC26 cells in 100 AL PBS were injected s.c. into the right flank of C57BL/6 or BALB/c mice. The size of the tumor was determined by direct measurement of the tumor dimensions in 3 to 4 weeks using calipers. To quantitate tumor volume, the following equation was used: volume = [length Â (width) 2 ] Â 0.5. For Lewis lung carcinoma metastasis model, 5 Â 10 5 of 3LL cells in 100 AL PBS were injected into the tail vein of C57BL/6. The lung weight and number of tumor nodules were obtained after f3 weeks when the control animals became sick. For the colon cancer metastasis model, 5 Â 10 4 of MC26 cells in 100 AL PBS were injected into the spleen of BALB/c mice. The spleen was removed 10 minutes after injection. The weight of the liver and tumor nodules in liver were evaluated after f4 weeks. The mice in both colorectal and lung cancer models were pretreated with ONO-AE3-208 3 days before and during the experiment. AE3-208 was given (10 mg/kg/d) orally in the drinking water, which has been shown to result in specific inhibition of EP4 receptor activity in vivo (37, 38) . Adhesion assays. Fibronectin [100 AL of 10 Ag/mL stock in 0.1% bovine serum albumin (BSA)] was coated on each well of 48-well plate overnight at 4jC. BSA (3%) was added for 7 hours at 4jC to block specific bindings. Wells coated with BSA only were served as negative control. 3LL cells, with or without treatment of PGE 2 , EP4 agonist and antagonist, as well as EP4 RNAi clones with the vector controls were suspended in RPMI 1640 plus 0.1% BSA at 250,000/mL. Cell suspension (100 AL) was incubated for 60 minutes at 37jC with triplicates for each treatment. The wells were then washed with PBS twice, fixed with 4% paraformaldehyde for 30 minutes, and stained with 0.2% crystal violet in 2% ethanol for 10 minutes at room temperature. The wells were further washed with tap water by immersion for 2Â. SDS (1%) was then added to solubilize the adherent cells, and the plate was shaken until the color is uniform. The absorbance at 570 nm was obtained.
Migration and invasion assays. 3LL cells and EP4 RNAi clones as well as the vector controls (1 Â 10 5 ) were put on the upper Boyden chamber of a Transwell (8-Am pore size; BD PharMingen, Franklin Lakes, NJ) in 500 AL serum-free RPMI 1640. RPMI 1640 (2 mL) plus 10% FCS were put in the lower chamber. The cells were cultured at 37jC for 4 hours. The inserts were then removed. Cells in the upper side of the chamber were wiped using a cotton swab, and the inserts were fixed with 100% methanol and stained with crystal violet. The membranes were removed and then put on slides, and migrated cells were counted under a microscope in a blinded fashion. For the invasion assays, the Boyden chamber is modified using a basement membrane matrix preparation, Matrigel, as the matrix barrier. The cells with 1 Amol/L of PGE 2 , EP4-specific agonist or antagonist, EP4 RNAi clones, and vector controls were cultured for 24 hours.
Colony formation assay. Soft agar colony formation assays were carried out in six-well culture plates. 3LL cells, EP4 RNAi clones, and vector controls (7.5 Â 10 3 ) were suspended in 2 mL of 0.4% Sea Kemp low-melting agarose (Metaphor Agarose, Cambrex, East Rutherford, NJ) with growth medium (RPMI 1640 supplemented with 10% fetal bovine serum) added on a base layer of 0.8% the agar. The plates were incubated at 37jC in a 5% CO 2 incubator for 2 to 3 weeks. Triplicates were set up for each experimental treatment. The number of colonies was counted under low magnification (Â100) at 10 points on each well in a blinded fashion.
Western blot. Tissues or cultured cells were lysed with radioimmunoprecipitation assay (RIPA) buffer (1Â PBS added 0.5% sodium deoxycholate, 0.1% SDS, 1% NP40, protease inhibitors). Protein concentrations were measured using Bio-Rad (Hercules, CA) reagent. Proteins were then separated on 4% to 20% SDS polyacrylamide gels and transferred to nitrocellulose membranes. Membranes were then blocked in 5% milk in TBS and 0.1% Tween 20 and incubated with primary antibody (EP4, 1:500; phosphorylated Akt, 1:2,000; Akt, 1:2,000; and h-actin or glyceraldehyde-3-phosphate dehydrogenase, 1:2,000 to 1:3,000) overnight at 4jC. The membranes were then treated with horseradish peroxidaseconjugated secondary antibody and developed using an enhanced chemiluminescence kit (Amersham Biosciences, Piscataway, NJ).
Statistical analysis. The restricted maximum likelihood-based mixed effect model and ANOVA were used to analyze the differences of tumor growth. The rest data were analyzed by the Student's t test. All data were expressed as mean F SE, and differences were considered statistically significant when P < 0.05. The total number of animal tested: normal, n = 3; 3LL, n = 18; V10, n = 7; V12, n = 9; C4, n = 13; C3, n = 17; C1, n = 3. P < 0.05 between control versus EP4 RNAi.
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Results
Targeting the EP4 receptor in lung cancer cells significantly inhibits their metastasis to lung. To test whether selective inhibition of EP4 receptor signaling inhibits tumor metastasis, we constructed EP4 RNAi vectors and transfected these constructs into the Lewis lung carcinoma tumor cell line 3LL. Expressing cells were selected with puromycin, and stably transfected cells were cloned. Each of several clones transfected with the EP4 RNAi vector (3LL-EP4 RNAi) as well as vector controls (3LL-vec) were subjected to Western blot analysis to determine the degree of EP4 receptor expression silencing (Fig. 1A) . As shown in Fig. 1A , expression of the EP4 receptor in clones C1, C3, and C4 was significantly reduced, whereas expression of the EP4 receptor in vector control clones V10 and V12 is comparable with that of parental cell line 3LL. To determine whether reduction of tumor EP4 receptor expression reduced tumor metastasis, we assayed lung colonization by 3LL tumor cells after tail vein injection, a widely used model system for vascular metastasis. Syngeneic C57BL/6 mice were injected with the 3LL parental cell line, 3LL-EP4 RNAi clones, as well as vector control clones. Mice were sacrificed 3 weeks later when control mice become symptomatic, and lung weight and the number of tumor nodules in the lung were evaluated. We found that lung weight and the number of tumor nodules in mice injected with 3LL-EP4 RNAi cells were significantly decreased compared with that of controls ( Fig. 1B and C) .
To independently confirm these observations, we blocked EP4 receptor signaling with a systemically administered pharmacologic inhibitor, the EP4 receptor-specific antagonist ONO-AE3-208. The K i values of AE3-208 obtained by radioligand competition-binding inhibition assays for the prostanoid receptors are 1.3, 30, 790, and 2,400 nmol/L for EP4, EP3, FP, and TP, respectively and >10,000 nmol/L for the other prostanoid receptors. AE3-208 was given (10 mg/kg/d) as a bolus orally in the drinking water, which showed specific EP4 receptor antagonistic effect, with a peak plasma concentration of 677 ng/mL (1,000 nmol/L) attained in 0.25 hour after the administration with 18% of bioavailability. The plasma half-life of this compound measured in an experiment of i.v. injection was 0.2 hour (37, 38) . Mice were pretreated with the EP4 antagonist ONO-AE3-208 3 days before 3LL tail vein injection and continuously afterward. We found that ONO-AE3-208 dramatically decreased lung weight and the number of tumor nodules, similar to the effect of knocking down EP4 receptor expression in 3LL using RNAi ( Fig. 2A and B) . These results showed that EP4 receptor signaling is important in 3LL cell metastasis to the lung and that Bottom, decreased migration of 3LL cells with EP4 RNAi by Boyden chamber assays. Y axis, cells that migrated across the chamber membrane after 4 hours in culture were counted under a microscope in a blinded fashion (P < 0.001). One of the two experiments done. C, decreased invasion of 3LL cells with EP4 RNAi (top; P < 0.01) or 3LL cells treated with the EP4-specific antagonist (bottom; P < 0.05) in Boyden chambers coated with Matrigel. Cells were counted as described for the migration assays. D, colony formation of 3LL cells with inhibition of EP4 receptor expression: 3LL cells (7.5 Â 10
3 ) transfected with EP4 RNAi or vector controls were cultured in soft agar for 2 to 3 weeks. The number of colonies was counted under low magnification (Â100) in 10 fields on each well. Triplicates were set up for each group. P < 0.05 versus control.
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Cancer Res 2006; 66: (19 The contribution of host EP4 receptor to tumor metastasis. We next assayed the contribution of host EP4 receptor function on tumor metastasis and growth using EP4 knockout mice. 3LL cells were injected into the tail vein of the EP4 knockout mice, and their littermates and these mice were observed for f3 weeks before sacrifice. Lung weight and tumor nodules in the lung were evaluated. We found that, although there was no significant difference in the number of tumor nodules between EP4 knockout and their wild-type controls (P = 0.18; Fig. 3A) , there was a significant difference in the lung weights between the two groups (P = 0.028; Fig. 3B ). Together with the results we obtained with the systemic EP4 antagonist and tumor cell small interfering RNA knockdown experiments, these data suggest that inhibition of tumor EP4 may affect the establishment of the metastasis and the host EP4 receptor, in contrast, may play an important role in promoting metastatic growth.
EP4 receptor signaling modulates tumor cell adhesion, migration, invasion, as well as colony formation. Tumor metastasis is a dynamic multistep process involving decreased adhesion to the primary host site, increased migration, increased invasive potential, as well as the establishment of the tumor colony at the distant metastasis site. Thus, we next examined the roles of EP4 receptor signaling in each of these steps using cell culture systems. We coated culture plates with fibronectin, one of the important components of the extracellular matrix, and tested the adhesion of 3LL cells to these plates after treatment with PGE 2 and an EP4-specific agonist and antagonist. We found that cells treated with the antagonist were significantly more adherent than agonist controls (Fig. 4A) . These data were confirmed using the 3LL-EP4 RNAi cells, which were more adherent than the vector controls (Fig. 4A, middle) . We also observed similar results when the culture plates were coated with laminin (Fig. 4A, bottom) . We next examined the migration of these cells and observed morphologic changes (Fig. 4B, top) as well as significantly decreased migration of RNAi-transfected cells across Boyden chamber filters compared with vector controls or parental 3LL cells (Fig. 4B, bottom) .
The ability of tumor cells to invade is also one of the hallmarks of the metastatic phenotype. We examined whether the EP4 receptor signaling affects the invasive phenotype of 3LL cells in a Matrigel assay. Matrigel was added to the Boyden chamber serving as the matrix barrier. 3LL-EP4 RNAi showed significantly reduced invasive potential compared with controls (Fig. 4C) .
As we observed significantly decreased lung colonization of 3LL tumor cells when animals were treated with the specific EP4 receptor antagonist, we investigated whether this could be recapitulated using colony formation assays in vitro. We found that the number of colonies derived from 3LL stably transfected with EP4-RNAi was significantly decreased when compared with vector controls (Fig. 4D) . It is also interesting to note that the colonies formed from 3LL-EP4 RNAi were much smaller in size (data not shown). This was unique to anchorage-independent growth, as proliferation assays using tritium thymidine ( 3 H) did not show significant difference of proliferation rate between EP4 RNAi clones compared with their vector controls when grown on plastic (data not shown).
Increased Akt phosphorylation with enhanced EP4 receptor signaling. We next investigated the intracellular mechanisms mediated by EP4 receptor signaling. PI3K-Akt pathway is important in tumor cell survival and metastasis, so we examined whether EP4 receptor affects activation of Akt in our system. As shown in Fig. 5 , 3LL cells treated with PGE 2 or EP4 receptor agonist showed increased phosphorylation of Akt, whereas when the cells were treated with EP4-specific antagonist there was a clear decrease of phosphorylated Akt after 2 hours of treatment (Fig. 5) .
EP4 receptor antagonism significantly reduced colon cancer metastasis. As the EP4 receptor and other EP receptors have been previously implicated in colorectal malignancies (41, 42), we then investigated the effect of ONO-AE3-208 on colon cancer metastasis to liver. Liver metastases were induced by injecting 5 Â 10 4 of MC26 cells (in 100 AL PBS) into the spleen of syngeneic BALB/c mice followed by splenectomy 10 minutes after injection. The mice were pretreated with ONO-AE3-208 (10 mg/kg/d, orally in the drinking water) 3 days before MC26 cell injection and during the experiment until control animals showed signs of clinical distress related to tumor burden (f4 weeks). The weight of the liver and tumor nodules in liver from all groups of animals were then evaluated. We found that there was a profound reduction of liver weight and in the number of tumor nodules in the liver in mice receiving ONO-AE3-208 treatment compared with control mice (Fig. 6A) . Together, our data show that EP4 receptor signaling seems to play an important role in the metastasis of colorectal cancer cells to the liver.
We also tested the effect of ONO-AE3-208 on colon tumor growth. Colorectal cancer cells MC26 were injected into syngeneic BALB/c mice s.c. These mice were treated 3 days before the injection and continuously thereafter with the EP4 antagonist ONO-AE3-208. Tumor volume was determined by direct measurement of tumor dimensions using calipers and calculated as follows: volume = [length Â (width) 2 ] Â 0.5. We observed significantly reduced tumor growth (P < 0.05) in mice treated with ONO-AE3-208 compared with the control group, including tumor volume and tumor growth rate (Fig. 6B-D) . Although this inhibition only occurred in later stages of tumor growth after the tumor reached f600 mm 3 (Fig. 6B) . Very interestingly, 30% of mice treated with ONO-AE3-208 did not develop any tumors (Fig. 6D compared with  Fig. 6C ), suggesting that EP4 receptors modulate the ability of tumors to establish themselves at the site of implantation, which agrees with the effect of the EP4 receptor antagonist on tumor metastasis.
Discussion
The EP4 receptor is one of many mediators of the effects of the products of COX-2 and one of four receptors mediating PGE 2 signaling. The EP4 receptor is overexpressed in several Figure 5 . Western blot analysis of total and phosphorylated Akt from 3LL cells treated with PGE 2 and EP4-selective agonist and antagonist. 3LL cells were treated with the drugs each at 1 Amol/L concentration, harvested at indicated time points, and lysed with RIPA buffer. Proteins were then subjected to Western blot analysis with primary antibodies for phosphorylated Akt (P-Akt ) and Akt.
cancers (30) (31) (32) , and enhanced EP4 receptor signaling has been previously shown to correlate with the invasion of several different cancer types (26-29, 32, 33) .
Specific blockade of the EP4 receptor signaling rather than blocking all of the COX-2 products with COX inhibitors may retain the antitumor properties of other COX-2 products, such as prostacyclin. The overexpression of prostacyclin in mice exhibited significantly reduced lung tumor incidence (22) , and it is beneficial for cardiovascular function (43, 44) . Downstream targeting of COX-2 pathway, such as selective EP4 antagonism, may allow more effective therapeutic targeting while potentially avoiding off-target adverse or toxic effects associated with the COX inhibitors. Our data showed an important role of PGE 2 -EP4 signaling in lung and colon cancer metastasis. We studied the effects of a systemically administered selective antagonist on this process in two completely different model systems. We found that metastasis to the lung was significantly reduced when mice were treated with a specific EP4 antagonist ONO-AE3-208 or when EP4 receptor expression was knocked down using RNAi technology. This effect of EP4 antagonism is equally profound in treatment of mice with liver metastasis. Because metastasis is a dominant cause of morbidity and mortality in many types of cancer, improved understanding of its mechanisms and the development of specific targeted agents could be of dramatic clinical use.
Metastasis is a complex multistep process that is regulated by multiple mechanisms. We found that EP4 receptor antagonism significantly affected many of the known mechanisms related to metastatic potential, including tumor cell adhesion, motility, invasion, and colony formation. Our in vitro data showed a direct and specific effect of EP4 receptor antagonism on the 3LL tumor cells, including decreased migration and invasion, decreased potential to form colonies, and survival. We also observed that antagonism of EP4 significantly decreased the level of Akt phosphorylation, whereas a selective agonist increased phosphorylation of Akt (Fig. 5) , consistent with other published reports (24, 25, 45, 46) , suggesting that this agent may affect other Aktmediated tumor properties, such as chemosensitivity. h-Arrestin 1, an important adaptor protein known to regulate the activities of G protein-coupled adrenergic receptor and adrenergic receptor-Src protein kinase (47) , may act as an important mediator in this process (46) . It associates with EP4 receptor and c-Src to form a signaling complex, resulting in the transactivation of the epidermal growth factor receptor (EGFR) and downstream Akt signaling (46) . Other signaling pathways affected by the EP4 receptor include the mitogen-activated protein kinase signaling cascades (48) and the EGFR through a c-Src-dependent mechanism (8, 46) . Other studies have shown that PGE 2 signaling and PGE 2 -EP4 receptor signaling may affect tumor cell expression MMPs (26, 48) . Consistent with our observations, a very recent publication showed that EP4 antagonism inhibits breast cancer metastasis (49) . However, our study significantly extends these data with several important respects. We not only confirm the effect in two established models of lung and colon cancers but also establish the specificity of the observation using RNAi against EP4 excluding nonspecific drug effects. We show effects on Akt phosphorylation, invasion, adhesion, and soft agar colony formation as well as migration. Perhaps most importantly, we establish that knockout of EP4 in the host alone resulted in significantly reduced metastatic growth.
It should be noted that, when compared with the profound reduction of tumor metastasis, the effect of the EP4 receptor antagonist on tumor growth in both 3LL (not significant; data not shown) and MC26 (Fig. 6B-D) is modest. Proliferation assays using tritium thymidine ( 3 H) did not show a significant difference in the proliferation rate between EP4 RNAi clones compared with vector controls (data not shown). Our data indicate that the effect of the EP4 antagonism is via the dynamic processes that are specifically important for the establishment of metastasis (tumor cell motility, invasion, colony formation, and survival) but not directly on tumor growth (such as cell proliferation). EP4 antagonism is also well tolerated, as mice receiving the drug treatment appeared healthy, with normal activity and appearance and without weight loss.
Overexpression of the EP4 receptor has been reported in several cancers, including glioblastoma, gallbladder, and ovarian carcinoma (32, 33) . One recent report showed that EP4 expression is regulated by the activation of peroxisome proliferator-activated receptor h/y and PI3K signals with increased CCAAT/enhancerbinding protein h binding to the promoter region of the EP4 gene (50) . There are as yet no convincing data on the correlation of EP4 expression in tumors with tumor behavior.
The challenges of clinical development of an agent that is primarily anti-invasive or antimetastatic are great, however, in that clinical metastases may be established before the cancer has been detected. However, it is possible that these agents could be useful chemopreventatives in high-risk patients or that treatment in the immediate perioperative period could reduce the ultimate incidence of metastasis. Additional work is needed to assess the effectiveness of EP4 inhibition in these clinical situations. Nevertheless, we show here that EP4 receptor antagonism is very effective in inhibiting lung and colon cancer metastasis, and its ability to inhibit the phosphorylation of Akt suggests additional potential use to increase sensitivity to chemotherapy or radiationinduced apoptosis.
